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TECHNICAL FIELD: 

[0001] This invention relates generally to electronic readout circuits for use with 
detectors of electromagnetic energy and, more specifically, relates to a Capacitive 
Transimpedance Amplifier (CTIA)/Source Follower per Detector (SFD) input circuit 
for use with a readout integrated circuit. 

BACKGROUND: 

[0002] Visible, Near Infrared (NIR), and Short Wave Infrared (SWIR) imagers can 
encounter up to a nine order of magnitude range in input photon flux density. As such, 
these imagers require a very wide dynamic range. For example, the illumination level 
(lux) of a moonless, clear night sky is about 10" 3 , that of a full moon is about 10~ l , 
while that of full daylight is 1-2 X 10 4 , and direct sunlight is 1-1.3 X 10 5 . This very 
wide dynamic range requirement has historically prevented a single sensor from 
operating over more than a fraction of the total dynamic range. For example, a sensor 
optimized for a moonless or even a moonlit night is essentially blinded or saturated in 
daylight. 

[0003] Conventional readout circuit amplifier types include a high gain amplifier 
type known as the charge transimpedance amplifier (CTIA), sometimes referred to as 
a reset integrator, while a lower gain amplifier type is known as a source follower per 
detector (SFD). Reference in this regard can be made to, as examples U.S. Patent No.: 
4,445,117, "Transistorized Focal Plane Having Floating Gate Output Nodes", by 
Steven D. Gaalema et al.; U.S. Patent No.: Re. 34,908, "3-Transistor Source 
Follower-Per-Detector Unit Cell for 2-Dimensional Focal Plane Arrays", by Richard 
H. Wyles et al.; and U.S. Patent No.: 4,786,831, "Integrating Capacitively Coupled 
Transimpedance Amplifier", by Arthur L. Morse et al. The disclosures of these now 
commonly assigned U.S. Patents are incorporated by reference herein their entireties. 
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[0004] The wide dynamic range imager requirement has been approached in a 
conventional readout circuit by the use of a single circuit type, such as the CTIA, that 
is configured to have two or more distinct gains and variable integration times. 
However, the use of multiple gains in such circuits becomes progressively more 
difficult as the readout circuit unit cell size is made smaller, as is typically the case 
when the number of discrete imager pixels is increased. 

[0005] Other conventional approaches to accommodating the wide dynamic range 
requirement include the use of a current mirror, or the use of a resistor load gate 
modulation circuit. While these two types of circuits are capable of operation over a 
wide dynamic range, they suffer from poor uniformity and are difficult to calibrate. 
These circuits also suffer from poor frequency response at very low light levels. 

[0006] Prior to this invention the problems presented by the inherent wide dynamic 
range requirement of modern radiation sensors arrays have not been adequately 
addressed. 

SUMMARY OF THE PREFERRED EMBODIMENTS 

[0007] The foregoing and other problems are overcome, and other advantages are 
realized, in accordance with the presently preferred embodiments of these teachings. 

[0008] This invention combines in one readout circuit unit cell circuitry that is 
controllably configurable to form one of a higher gain amplifier and a lower gain 
amplifier. The higher gain amplifier in accordance with a presently preferred 
embodiment is a charge transimpedance amplifier (CTIA) input circuit, while the 
lower gain amplifier is a source follower per detector (SFD) input circuit. The two 
separate circuit types (CTIA and SFD) operate in distinct gain states. The use of these 
two types of input circuits provides superior performance over a wider dynamic range 
than could be covered in accordance with prior art approaches that are known to the 
inventors. 
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[0009] In one aspect this invention provides a readout circuit unit cell for use with a 
radiation detector, and a method of operating same. The readout circuit unit cell 
includes a plurality of capacitances, switches and transistors that are programmably 
coupled together to form one of a first amplifier circuit having a first gain state or a 
second amplifier circuit having a second gain state that differs from the first gain 
state. 

[0010] In another aspect this invention provides a readout circuit unit cell for use 
with an infrared (IR) radiation detector. The readout circuit unit cell includes a 
plurality of capacitances, switches and transistors that are controllably coupled 
together to form, in a first mode of operation below an illumination level threshold, a 
CTIA input circuit, and to form, in a second mode of operation above the illumination 
level threshold, a lower gain SFD input circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] The foregoing and other aspects of these teachings are made more evident in 
the following Detailed Description of the Preferred Embodiments, when read in 
conjunction with the attached Drawing Figures, wherein: 

[0012] Fig. 1 is simplified diagram of a two dimensional imager array; 

[0013] Fig. 2 is a schematic diagram of an embodiment of a High Dynamic Range 
Dual Mode CTIA/SFD input circuit, configured as shown as a CTIA with a 
Sample/Hold in accordance with a embodiment of this invention; 

[0014] Fig. 3 is a schematic diagram of the embodiment of the High Dynamic 
Range Dual Mode CTIA/SFD input circuit, configured as shown as a SFD; 

[0015] Fig. 4 is a schematic diagram of the embodiment of the High Dynamic 
Range Dual Mode CTIA/SFD input circuit, configured as shown as a SFD and 
modified with a second sample/hold stage to allow snapshot integrate while read 
operation; and 
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[0016] Fig. 5 is a simplified diagram of a signal to noise ratio for a 30% contrast 
target. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

[0017] Fig. 1 is simplified diagram of a two dimensional imager array, and shows 
an input circuit array 1, row address circuitry 2, column amplifiers 3 and column 
address circuitry 4. This invention is most concerned with the construction of 
individual units cells 1 A of the input circuit array 1. 

[0018] A schematic diagram of a High Dynamic Range Dual Mode (HDR-DM) 
CTIA/SFD input circuit unit cell 10 is shown in Fig. 2. The HDR-DM CTIA/SFD 
input circuit unit cell 10 is constructed with a core group of electrical components that 
are programmably configurable during operation, such as by a controller 5 over a 
configuration bus 6 (shown in Fig. 1), so as to operate in a higher gain or a lower gain 
amplifier configuration, and to thereby cover a wider dynamic range, while still 
providing good uniformity and performance, than was possible with the prior art 
approaches. In general, the controller 5 configures the core group of electrical 
components to form the higher gain amplifier configuration (e.g., a CTIA 
configuration) below an illumination level threshold, and the lower gain amplifier 
configuration (e.g., a SFD configuration) above the illumination level threshold. 

[0019] The core group of electrical components, per unit cell 1A, is comprised of 
transistors Ml, M2, M3 and M4, switches (also preferably implemented as transistors) 
SI, S2 and S3, and capacitances C feedback (Cfb), C band-limit (C b i) and C sample- 
and-hold (C S h). M4 is a source follower transistor used as an output transistor in the 
CTIA mode of Fig. 2 and in the SFD mode of Fig. 3. M4 is coupled to a column 
output bus 3 A that connects to one of the column amplifiers 3. S3 is driven by a row 
enable signal to readout the unit cell 1 A to the column amplifier 3 at a desired time. 

[0020] In Fig. 2 the transistors Ml, M2, M3, SI, and capacitors Cfb, and Cbl 
together form a CTIA circuit 12. Dl is an associated optical radiation photodetector, 
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such as an infrared (IR) radiation detector. In the illustrated configuration the CTIA 
12 is similar in some respects to the CTIA embodiments disclosed in the above- 
captioned U.S. Patent No.: 4,786,831, "Integrating Capacitively Coupled 
Transimpedance Amplifier", by Arthur L. Morse et al. The closed loop gain of the 
CTIA 12 is determined by the value of Cft>. Non-limiting examples of the value of Cfb 
are a capacitance in the range of about 4 femtofarads to about 30 femtofarads. Note 
that if sufficient area is available in the integrated circuit layout for two additional 
components, a second capacitor Cfb2 in series with a switch (SW) may be placed in 
parallel with Cfb to add an additional gain state to the CTIA 12, thereby further 
extending the effective dynamic range of the CTIA 12 portion of the HDR-DM input 
circuit unit cell 10. The value of C b i sets the noise bandwidth of the CTIA 12. The 
gate - of M2 is coupled during CTIA operation to a cascode voltage that holds the 
source of M2, and thus the drain of Ml at a substantially constant potential, despite 
variations felt at the drain of M2. M3 functions as a current source for Ml in the 
CTIA mode, and the gate of M3 is coupled to a suitable bias potential for setting the 
desired output of the current source. The switches S2 and S3, capacitor C S h, and 
transistor M4 form a sample/hold amplifier-based circuit to enable a snapshot, 
integrate-while-read operation of the CTIA 12 input circuit. Such unit cell output 
sampling stages are known for use with CTIA circuits. 

[0021] With appropriate timing of the switches SI and S2, the time interval over 
\ which the photocurrent from diode Dl is integrated can be varied over a range of at 

least three to four orders of magnitude. For example, the integration time may range 
from about 33 milliseconds to about 3 microseconds for a sensor operating at a frame 
rate of 30 Hz. The absolute instantaneous flux range that can be accommodated is 
determined by the capacitance value of Cfb and the available output range of the CTIA 
12. While the value of Cfb may be selected to accommodate substantially all of the 
scene dynamic range, the sensitivity available for low flux scenes (such as night 
scenes) would be less than adequate for most applications of interest. If Cfb is instead 
selected to provide optimal sensitivity for the low flux scenes, the CTIA 12 will 
rapidly saturate in higher flux scenes. 
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[0022] In accordance with this invention, the CTIA input circuit 12 depicted in Fig. 
2 can be programmably reconfigured as shown in Fig. 3 to form a second type of 
input circuit which, in the presently preferred embodiment, is a SFD input circuit 14. 
In this case switch SI is closed, transistor M2 is turned off, also turning off Ml, and 
transistor M3 is used as a reset switch for Q>i and C S h, thereby forming the SFD input 
circuit 14. 

[0023] In the SFD mode of operation the integration of the photocurrent generated 
by Dl now occurs on the capacitors Cbi and C s h- However, the junction capacitance 
of the photodiode Dl, the gate to source capacitance of transistor Ml and a portion of 
the gate capacitance of transistor M4 all add to the total integration capacitance, Qnt. 
The integration charge capacity of this configuration is determined by the total 
integration capacitance, the useable input voltage swing of the source follower 
transistor M4, and the available reverse bias range of diode Dl. The integration 
interval in this configuration is controlled by transistor M3 and switch S2. M3 in this 
case no longer functions as a current source transistor, but is used instead as an 
integration reset switch. 

[0024] When configured as shown in Fig. 3 the SFD input circuit 14 operates in 
two integration modes: snapshot integrate-then-read (ITR) and progressive scan 
integrate while read (IWR). In either case S2 remains closed during operation so that 
the photocurrent is integrated onto both C b i and C S h. By adding a second sample/hold 
switch S4, a second reset switch S5, and a capacitor C S h2, snapshot IWR operation can 
be realized, as shown in Fig. 4. 

[0025] The HDR-DM CTIA/SFD input circuit 10 is amenable to being fabricated in 
a 20 micron x 20 micron unit cell area in accordance with a 0.5 micron-well CMOS 
process that uses two layers of polysilicon and five metal layers. 

[0026] While the HDR-DM CTIA/SFD input circuit 10 is particularly useful when 
coupled with a SWIR imager, this invention can be employed to advantage with any 
similar imaging sensor in any spectral band where a wide total dynamic range is 
encountered. The HDR-DM CTIA/SFD input circuit 10 can be used in a monolithic 
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embodiment, where the radiation detector is part of the readout circuit, or in a hybrid 
embodiment, where the radiation detector is located on a separate substrate, such as a 
silicon substrate, a Group II-VI substrate, or a Group III-V substrate, that is 
electrically and mechanically bonded to the readout circuit, such as through 
conventional Indium bump cold weld technology. 

{0027] Using the reconfigurable unit cell input circuitry in accordance with this 
invention a wide dynamic range of input light flux can be accommodated. Note that 
the dynamic range of the CTIA circuit 12 may overlap the dynamic range of the SFD 
circuit 14, or they may be disjoint. 

[0028] The following table provides representative ranges of unit cell size, gain for 
the CTIA and SFD embodiments, as well as examples of values for Q>i and C S h. 





Specific Implementation for 
Readout 


Range of Possible Values 


Unit Cell Size 


20 /xm x 20 xim 


15 /xm x 15 fim 
and larger 


CTIA Gain 

c fc 

Transimpedance 


5fF 
32 /xV/electron 


(for a 20 fim x 20 /xm cell) 
3 fF - 30 fF 
5.3-53 /tV/electron 


SFD Gain 

C int (assumes 80 fF C det ) 
Transimpedance 


366 fF 
437 nV/electron 


(for a 20 /xm x 20 /xm cell) 
100-500 fF 
320- 1600 nV/electron 


C b , 


53.1 fF 


10- 100 fF 


Qh 


204 fF 


100- 300 fF 



[0029] Fig. 5 shows an analysis based on an expected performance of the design 
implementation using an InGaAs detector array. This analysis assumes a constant 
target to background contrast ratio of 30% to determine the signal-to-noise ratio 
(SNR) achievable in both the CTIA and SFD operating modes. At low background, 
the CTIA achieves superior SNR. At moderate backgrounds the two circuits provide 
roughly equivalent performance, while at high background the SFD is superior. At 
the lowest background, another CTIA operating mode referred to as Sample Up the 
Ramp (SUTR) is utilized to provide a ~4x reduction in readout noise. This is 
achieved by allowing the CTIA to integrate over several readout periods. External 
electronics can then perform a frame to frame subtraction to calculate the signal that 
has accumulated over a single readout period in each pixel (i.e,. signal = frame n - 
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ftame n _i). This calculation removes any correlated noise between the two frames of 
data, specifically the reset noise. For the implementation illustrated, the SUTR mode 
achieves a 33 electron read noise versus the 113 electron read noise achieved by 
resetting the CTIA in each frame. The readout can be configured to operate in this 
mode as well with the frequency of reset controlled from the external electronics. 

[0030] The foregoing description has provided by way of exemplary and non- 
limiting examples a full and informative description of the best method and apparatus 
presently contemplated by the inventors for carrying out the invention. However, 
various modifications and adaptations may become apparent to those skilled in the 
relevant arts in view of the foregoing description, when read in conjunction with the 
accompanying drawings and the appended claims. As but some examples, the use of 
other similar or equivalent component values, integration times, and numbers of 
capacitors, transistors and switches may be attempted by those skilled in the art. 
However, all such and similar modifications of the teachings of this invention will 
still fall within the scope of this invention. 

[0031] Furthermore, some of the features of the present invention could be used to 
advantage without the corresponding use of other features. As such, the foregoing 
description should be considered as merely illustrative of the principles of the present 
invention, and not in limitation thereof. 
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